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The relevant phenomenology and the best search schemes of a subelectroweak-scale gauge boson can
be vastly different depending on its coupling. For instance, the rare decay into a light gauge boson
and the high precision parity test can be sensitive if it has an axial coupling. The minimal gauge
extension of the standard model with the U(1)B−L+xY requires only three right-handed neutrinos,
well-suited to the current neutrino mass and mixing data, and no additional exotic matter fields.
We study the light gauge boson of this symmetry in detail including its axial coupling property from
the hypercharge shift.
I. INTRODUCTION
There have been extensive studies of a light gauge bo-
son of the subelectroweak scale in the past decade. It
might be hard to expect such a light gauge boson in the
rather traditional view that sizes of the gauge coupling
should be similar to each other, backed by an idea of the
gauge coupling unification. Yet, many studies of a light
gauge boson [1–4] that could address some notable phe-
nomena, such as the positron excess [5, 6] and the muon
g−2 anomaly [7], have been gradually changing the view.
(For a review, see Ref. [8].) The possibility of a very light
gauge boson opens up new avenues to search for a new
fundamental force [9–36].
Many models for a light gauge boson have been sug-
gested and studied. (For some examples, see Refs. [4, 37–
41].) In particular, extensive studies have been done with
the dark photon model [4], which exploits a kinetic mix-
ing between a dark U(1) gauge symmetry and the stan-
dard model (SM) hypercharge U(1)Y [42]. In some sense,
the dark photon based on the kinetic mixing can be con-
sidered as the simplest gauge model as it does not require
any new matter fields. The SM particles do not have
charges under the dark U(1), and the feebleness of the
coupling comes from a small value of the kinetic mixing
parameter (ε) .
On the other hand, the extension of the SM matter
contents with the right-handed neutrinos are well moti-
vated with the current neutrino mass and mixing data,
and a mere extension of the SM with three right-handed
neutrinos allows the (B−L)+xY (with x an arbitrary real
number) as an anomaly-free gauge symmetry without an
introduction of exotic matter fields [43]. This symmetry
can also play as a gauge origin of the matter parity, or the
R-parity in the supersymmetry framework, depending on
the U(1) charge of the additional scalar. Unlike the dark
photon case, a light gauge boson of this symmetry has
explicit charges for the SM particles with a small gauge
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coupling constant. It is also possible for this gauge sym-
metry to mix with the U(1)Y through the kinetic mixing.
In some sense, it is the most general minimal gauge ex-
tension of the SM added by three right-handed neutrinos.
For convenience, we call this gauge interaction mediated
by a light gauge boson mini force, implying that it is me-
diated by a gauge boson with a very small mass and a
feeble coupling from the minimal gauge extension of the
SM, the (B −L) + xY with an additional kinetic mixing
(ε).1
The phenomenology and search schemes of a light
gauge boson can be significantly different depending on
its coupling to the SM particles. For instance, as em-
phasized in the dark Z model [37, 44–51], an additional
axial coupling can provide a very different phenomenol-
ogy in its production from a heavy particle decay and
the parity violation tests. Thus it is of great importance
to study the details of the model and identify the sim-
ilarities and differences compared to other models for a
proper study of a light gauge boson. In particular, the
mini force model involves an explicit assignment of the
hypercharge, which contains an axial coupling. We will
perform a thorough study of the light gauge boson of this
model including the axial coupling part.
The organization of this paper is as follows. In Sec. II,
we go over the coupling of the popular dark photon,
which exploits the gauge kinetic mixing. In Sec. III, we
investigate the coupling of the mini force gauge boson.
In Sec. IV, we explain the ambiguity between the kinetic
mixing and the hypercharge shift. In Sec. V, we discuss
the implications for the rare Higgs decay. In Sec. VI,
we discuss the implications for the parity violation. In
Sec. VII, we discuss our findings and summarize the re-
sults.
1 As we will discuss in detail later in this paper, the kinetic mixing
(ε) and the hypercharge shift (+xY ) share many indistinguish-
able features.
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2II. OVERVIEW OF THE DARK PHOTON
COUPLING (KINETIC MIXING)
In this section, we briefly overview the dark photon
model [4], which relies on the kinetic mixing for the cou-
pling. In the dark photon model, an extra gauge group
is considered as the dark U(1), under which the SM par-
ticles do not carry the charges. The gauge boson of the
dark U(1) can still interact with the SM particles through
the gauge kinetic mixing of the dark U(1) with the SM
hypercharge U(1)Y . (In addition to this vector portal,
the Higgs portal at the scalar sector such as |ΦH |2 |ΦS |2
can also connect the SM to the dark sector, but we do
not consider this portal in this paper and constrain our
discussion to the Z ′ interaction.)
Since the field tensor of any Abelian gauge group is
gauge invariant, a kinetic mixing between two Abelian
gauge groups is not forbidden and the kinetic terms are
generally given as [42]
Lkinetic = −1
4
BˆµνBˆ
µν +
1
2
ε
cW
BˆµνZˆ
′µν − 1
4
Zˆ ′µνZˆ
′µν (1)
where Bˆ and Zˆ ′ are gauge bosons of the U(1)Y and the
dark U(1), respectively, and a hatted field means that
it is not a physical eigenstate yet. ε is a dimension-
less parameter for the kinetic mixing, and cW ≡ cos θW ,
sW ≡ sin θW , tW ≡ tan θW are with Weinberg angle θW
of the SM, sin2 θW (mZ)MS = 0.23124 (12) [7, 52].
The kinetic terms in Eq. (1) are diagonalized by a
GL(2, R) transformation [53], which can be divided into
two steps: first, orthogonalizing the kinetic terms
Bˆµ → Bˆµ + ε
cW
Zˆ ′µ, (2)
and then a wavefunction normalization
Zˆ ′µ →
1√
1− ε2/c2W
Zˆ ′µ. (3)
The kinetic mixing is constrained to be very small, i.e.,
|ε|  1, by the electroweak precision test [54] and other
experiments (for instance, see Ref. [33]). Therefore, the
next leading order of Eq. (3), which in O(ε2) is so small
regardless of the other properties of the Z ′ such as its
mass, and we ignore the normalization process of Eq. (3)
from now on. In this approximation, the consequence of
the GL(2, R) is summarized as
Aˆµ → Aˆµ + εZˆ ′µ , (4)
Zˆµ → Zˆµ − εtW Zˆ ′µ , (5)
Zˆ ′µ → Zˆ ′µ . (6)
At this point it is clear that the diagonalization of the
kinetic terms by GL(2, R) gives a Zˆ
′
µ shift proportional
to ε to both the Zˆµ and the Aˆµ.
Now, we need to go to the physical eigenstates or mass
eigenstates. As the photon is massless, the Aˆµ is the
same as the physical eigenstate Aµ. However, as the Zˆ
boson gets a mass from the vacuum expectation value
(VEV) of the Higgs doublet, there is an induced mass
mixing of Zˆ and Zˆ ′ because of the shift in Eq. (5). The
mass matrix in the basis of (Zˆ, Zˆ ′) is given by[
m2
Zˆ
−εtWm2Zˆ−εtWm2Zˆ ε2t2Wm2Zˆ +m2Zˆ′
]
(7)
where m2
Zˆ
= g2Zv
2/4, with gZ = g/cW , and v ≈ 246 GeV.
For the Z ′ mass generation, we assume an extra Higgs
singlet S, which contributes the Z ′ mass as m2
Zˆ′
=
g2Z′Q
′2
S v
2
S with gZ′ , Q
′
S and vS corresponding to the dark
U(1) gauge coupling constant, the dark U(1) charge of
the singlet scalar, and the singlet scalar VEV, respec-
tively.2
This mass matrix in Eq. (7) is diagonalized by a SO(2)
transformation,(
Z
Z ′
)
=
(
cos ξ − sin ξ
sin ξ cos ξ
)(
Zˆ
Zˆ ′
)
, (8)
with the mixing angle ξ given by
tan 2ξ =
2εtW
1− (εtW )2 −m2Zˆ′/m2Zˆ
, (9)
and the results of the mass matrix diagonalization can
be expressed as
Aˆµ = Aµ + ε(− sin ξZµ + cos ξZ ′µ) , (10)
Zˆµ = (cos ξ + εtW sin ξ)Zµ
+ (sin ξ − εtW cos ξ)Z ′µ , (11)
Zˆ ′µ = − sin ξZµ + cos ξZ ′µ . (12)
As Eq. (11) shows,
AZ′ = sin ξ − εtW cos ξ (13)
is the physical Z ′ fraction in the interaction eigenstate
Zˆ boson. Therefore, the Z ′ coupling to the SM neutral
current is proportional to the parameter AZ′ . The first
term in AZ′ is from the mass mixing and the second
term is from the kinetic mixing, and as we will see there
is a cancellation of the two for a very light Z ′. The Z ′
interaction Lagrangian then can be written as
Lint = − (ε cos ξeJµEM +AZ′gZJµNC)Z ′µ (14)
where JEM and JNC refer to the appropriately defined SM
electromagnetic current and the weak neutral current,
respectively.
When the Z ′ is sufficiently lighter than the SM Z bo-
son, AZ′ is approximated to be
AZ′ ≈ εtW m
2
Z′
m2Z
, (15)
2 For an alternative method called the Stueckelberg mechanism,
see Refs. [55–57] and references therein.
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FIG. 1. |AZ′ |, which assesses the axial coupling of the Z′
with mZ′ for a few choices of ε (or εx). For mZ′ < mZ , the
|AZ′ | increases with mZ′ proportional to m2Z′ and becomes
insensitive to mZ′ for mZ′ > mZ .
which tells us that the axial coupling of the Z ′ is propor-
tional to the m2Z′/m
2
Z . This is why the axial coupling is
neglected in most dark photon studies, where mZ′  mZ
is often taken (GeV or sub-GeV scale) [8].
There are a few ways in which a light gauge boson
can obtain sizable axial couplings though. They include
(i) to employ a relatively large mass, (ii) to assume a
nonminimal Higgs structure, and (iii) to assign explicit
nonzero U(1) charges to the SM particles rather than
depending on the kinetic mixing.
We will briefly discuss these possibilities now. Figure 1
shows the mZ′ dependence of the AZ′ . We can see that
it follows Eq. (15) for mZ′ < mZ . While the Z
′ of the
GeV or sub-GeV scale has a tiny axial coupling, the axial
coupling becomes quite sizable as mZ′ approaches mZ .
Near mZ′ ≈ mZ , a peak of the |AZ′ | ∼ 1/
√
2 appears
because the maximal mass mixing is achieved in Eq. (9).
However, the precisely measured Z pole and other exper-
imental data constrain the Z-Z ′ mass mixing, and in turn
the ε. It was found that |ε| ∼< 0.03 for mZ′ < mZ , but
the constraint becomes much more severe for the peak
region [54]. In the region of mZ′ > mZ , the AZ′ does
not follow Eq. (15) and it rather behaves as
AZ′ ≈ −εtW , (16)
which is quite obvious from Eq. (13) in the mZ′  mZ
limit .
As the above discussion heavily depends on the mass
matrix in Eq. (7), it may be possible for the Z ′ to pos-
sess a sizable axial coupling even for quite a small mass
(mZ′  mZ) if a different Higgs structure is assumed.
This idea was actually exploited in the dark Z model
with an additional Higgs doublet that can contribute to
the Z ′ mass as well as the Z mass [37].
In the previous two cases, the Z ′ coupling to the SM
particles is generated by the mixings, but the nonzero ex-
plicit U(1) charge assignment with a small gauge coupling
constant is another possible way to introduce a light Z ′.
It will have an axial coupling to the SM particles if the
charges are assigned in a chiral way. In the next section,
we will discuss this case in detail.
III. COUPLING OF THE LIGHT GAUGE
BOSON OF THE MINI FORCE
Now, we consider a U(1) gauge symmetry which has an
explicit charge assignment to the SM particles. Specifi-
cally, we consider the gauged B−L+xY , which is a linear
combination of the B −L and the hypercharge Y with a
real number x. This is the only possible family universal,
anomaly-free gauge extension of the SM with only three
right-handed neutrinos and no additional matter content
[43]. While the B − L provides only a vector coupling,
the additional xY part presents an axial coupling, which
might be interesting in our discussion. The kinetic mix-
ing between this U(1)′ and the SM U(1)Y is still allowed
in the same form of Eq. (1), and we consider the effect
of this mixing as well.
In addition to the mass mixing between Zˆ and Zˆ ′
from GL (2, R), an additional mass mixing is expected
to emerge due to the imposed hypercharge in the mini
force model. The mass matrix in the basis of (Zˆ, Zˆ ′) is
given by [
m2
Zˆ
−εxtWm2Zˆ−εxtWm2Zˆ ε2xt2Wm2Zˆ +m2Zˆ′
]
(17)
with an effective ε defined as
εx ≡ ε+ x
tW
gZ′
gZ
, (18)
which is the same as the ε in the x = 0 limit, and
the other notations are the same as in the previous sec-
tion. We can see, compared to the dark photon model in
Eq. (7), an additional mass mixing due to the xY part is
present in the mass matrix.
Following the similar steps of the previous section, one
can obtain the AZ′ corresponding to the mini force model
along with the kinetic mixing,
AZ′ = sin ξ − εxtW cos ξ , (19)
where the mass mixing angle ξ is given by Eq. (9), with
ε replaced by εx.
The Z ′ interaction Lagrangian in this model then can
be written as
Lint = − (gZ′JµB-L + εx cos ξeJµEM +AZ′gZJµNC)Z ′µ ,(20)
where JB-L refers to the B−L vector current. While the
comprehensive studies on the constraints on the kinetic
mixing ε [33] and the B − L gauge coupling gZ′ [40] are
separately well archived in the literature, we note that
the combined study of the two parameters is lacking and
is worth pursuing in the future.
Notwithstanding the obvious differences between the
models, the formalism of the dark photon model and
the mini force model show indistinguishable properties
in some aspects, including the axial coupling part.
4IV. INDISTINGUISHABLE PROPERTY OF
THE KINETIC MIXING AND THE
HYPERCHARGE SHIFT
Compared to the dark photon model, which has only
two relevant model parameters (mZ′ , ε), the mini force
model has four model parameters (mZ′ , ε, x, gZ′). But
as one can see from Eqs. (17) - (19), there are essentially
only three parameters (mZ′ , εx, gZ′) that are relevant to
the physics of the Z ′ interaction that we are interested
in. In this section, we discuss the couplings of the mini
force model, focusing on the similarity of the formalism
with the dark photon model.
The coupling of the Z ′ can be studied with the relevant
part of the covariant derivative,
Dµ
= ∂µ + igZ′ (B − L+ xY ) Zˆ ′µ + ig′Y
(
Bˆµ +
ε
cW
Zˆ ′µ
)
(21)
= ∂µ + igZ′ (B − L) Zˆ ′µ + ig′Y
(
Bˆµ +
εx
cW
Zˆ ′µ
)
, (22)
where the last term in Eq. (21) exploits the result of the
GL (2, R) in Eq. (2), and Eq. (22) collects all parts that
are directly related to the axial coupling, i.e., Y part,
with the εx defined in Eq. (18). Now one can see that the
overall consequence of the kinetic mixing diagonalization
and the hypercharge shift is
Bˆµ → Bˆµ + εx
cW
Zˆ ′µ . (23)
Both the hypercharge shift and the kinetic mixing
cause the redefinition of the hypercharge gauge boson
in Eq. (23), which is why both can be parametrized by
the single parameter εx of Eq. (18). It means the kinetic
mixing and the hypercharge shift are indistinguishable
and there is no way to tell the difference between the
two.
The mini force model is, thus, the same as the pure
B − L model (i.e., with x = 0), with the kinetic mixing
altered appropriately, i.e.3,
ε→ εx . (24)
In this way, one can easily obtain the AZ′ in Eq. (19)
from Eq. (13) as well as its limits from Eqs. (15) - (16).
We can conclude that, although it might be somewhat
counterintuitive, the axial coupling of the Z ′ in this ex-
plicit charge assignment cannot be large for the very light
3 To be precise, we have to consider the normalization process
of the GL(2, R) in Eq. (3), which was ignored because of its
very small effect. The full expression should be written as
ε/
√
1− ε2/c2W → εx/
√
1− ε2/c2W for Eq. (24), which means
that the wavefunction normalization is still with ε, not εx. This
normalization process does not alter the indistinguishability be-
tween the kinetic mixing and the hypercharge shift.
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FIG. 2. Branching ratio of the H(125 GeV) → ZZ′ for the
same choice of the ε (or εx) values as in Fig. 1. Although the
smaller mZ′ would bring the enhancement from the Goldstone
boson equivalence theorem, the axial coupling increases with
the mZ′ and the end result is that Γ(H → ZZ′) increases
with mZ′ as discussed in the text in detail.
Z ′ because of the essentially same cancellation between
the two terms in Eq. (19) as in Eq. (13).
The axial coupling of the Z ′ in this model can be en-
hanced with an increase of the mZ′ in a similar manner
to the dark photon model. The curves in Fig. 1 can be
reinterpreted for this model by replacing ε with εx. The
constraints on ε from the electroweak precision test [54]
can also be applied to this model as |εx| ∼< 0.03.
V. IMPLICATIONS FOR THE HIGGS DECAY
As the Z ′ is light, one of the constraints or discovery
channels could be with a decay of a heavy SM particle
into the Z ′. The 125 GeV Higgs boson may decay into
the light Z ′ as studied in Refs. [35, 37, 45, 46, 58]. We
consider the H → ZZ ′ channel for the on-shell Z ′, i.e.,
for mZ′ < mH −mZ ≈ 34 GeV. The detailed formalism
for this is described in Appendix B.
As we discussed in the previous section, the xY part
of the mini force model can be treated as the effective
kinetic mixing, and it means that there is no direct cou-
pling of the physical Z ′ to the Higgs doublet. Yet, it can
still couple to the Higgs boson through the Z-Z ′ mixing
in Eq. (11), with ε replaced by εx, and it is obvious that
the H-Z-Z ′ coupling can be obtained from the H-Z-Z
coupling,
CHZZ′ = CHZZ
(sin ξ − εxtW cos ξ)
(cos ξ + εxtW sin ξ)
. (25)
Then the H → ZZ ′ decay width can be obtained as
ΓH→ZZ′ ≈ 1
64pi
C2HZZ′m
3
H
m2Zm
2
Z′
(
1− m
2
Z +m
2
Z′
m2H
)3
(26)
≈ 1
64pi
(CHZZAZ′)2m3H
m2Zm
2
Z′
(
1− m
2
Z +m
2
Z′
m2H
)3
(27)
5for mZ′ ∼< 30 GeV, which is before the phase space
suppression becomes significant. This expression has a
few interesting features: (i) the 1/m2Z′ factor exhibits
the enhancement from the longitudinal polarization of a
boosted vector gauge boson due to the Goldstone boson
equivalence theorem, as discussed in Ref. [37]; (ii) the
AZ′ ∝ m2Z′ from Eq. (15) shows the dependence of the
axial coupling on the Z ′ mass; (iii) the phase space sup-
pression effect is not significant for the mass range we
consider. Overall, we can see the Br(H → ZZ ′) ∝ m2Z′
when we neglect the phase space suppression.
Using the SM prediction of the 125 GeV Higgs total
decay width (ΓH = 4.1 MeV [59]), Br(H → ZZ ′) is plot-
ted for a few choices of εx in Fig. 2, which agrees with
Eq. (27). This agrees with the results in Ref. [58] when
an appropriate interpretation is given. The sizable and
potentially observable H → ZZ ′ is thus possible only for
the relatively large mass, say, mZ′ ∼> O(10) GeV for the
allowed εx values.
In an analysis of an experiment with
√
s = 8 TeV with
an integrated luminosity of 20.7 fb−1, ATLAS searched
for the H → ZZ ′ with subsequent decays into leptons.
They did not find a meaningful signal and gave the
bound of Br(H → ZZ ′ → 4`) < (1 − 9) × 10−5 for the
mZ′ = 15− 55 GeV [35]. The maximum branching ratio
of the H → ZZ ′ is about 10−5 (mZ′ ' 10 GeV) to 10−4
(mZ′ ' 30 GeV), as one can obtain by scaling Fig. 2
for the electroweak precision constraint (|εx| ∼< 0.03). It
translates into Br(H → ZZ ′ → 4`) ≈ (1 − 10) × 10−6,
which is about ten times smaller than the ATLAS bound,
for Br(Z → ``) ' 7% and Br(Z ′ → ``) ≈ 1. In the dark
photon model, Br(Z ′ → ``) ∼ 1 [58, 60].
Since the dominant background is H → ZZ∗ → 4`
[35], the signal and the background scale in the same way
from 8 TeV to 13 TeV LHC experiments with σ(pp →
H)13/σ(pp→ H)8 ≈ 2.3 [61]. We need about ten times of
the statistics to observe the aforementioned signal. The
required value of an integrated luminosity at the LHC 13
TeV experiment is about 90 fb−1, which can be reached
within the LHC Run2 (up to 100 fb−1) [62]. The LHC
Run3 (up to 300 fb−1) or the High-Luminosity LHC (up
to 3000 fb−1) can test a much wider parameter space (in
terms of mZ′ and εx).
While the branching ratio of the H → Z ′Z ′ is much
more suppressed than that of the H → ZZ ′ because of
the severe suppression from an additional mixing, it can
be amplified when we consider a sizable Higgs portal term
that can exploit S → Z ′Z ′ [58].
VI. IMPLICATIONS FOR THE PARITY
VIOLATION TEST
In this section, we consider implications of the mini
force model for the parity tests. Specifically, we discuss
the effective sin2 θW from the observable
ALR ≡ σR − σL
σR + σL
(28)
in the polarized beam scattering experiments. The
σL(R) corresponds to the cross section for the left-handed
(right-handed) polarized beam interacting with the un-
polarized target particles.
In the case that the incident particle is the same as
the target particle, e.g., ee scattering experiments such
as the SLAC E158 [13] and the JLab MOLLER [17], the
parity violating asymmetry ALR in the SM is given by
ASMLR =
(dσRR + dσRL)− (dσLR + dσLL)
(dσRR + dσRL) + (dσLR + dσLL)
(29)
≈ Q2 GF
piαEM
√
2
1− y
1 + y4 + (1− y)4 16vfaf , (30)
where the approximation is taken when the momentum
transfer (Q) is much lower than the electroweak scale
(Q2  m2Z) [63]. Here, y ≡ (1−cos θ)/2 with a scattering
angle θ in a center of momentum frame; vf = T3f/2 −
Qfs
2
W and af = −T3f/2 are the vector and the axial
coupling of the SM Z boson with the electric charge Qf
(Qe = −1) and T3f = ±1/2 (T3e = −1/2), respectively;
GF is the Fermi constant; and αEM = e
2/4pi.
In the mini force model, there is an additional con-
tribution from the Z ′ in the relevant scattering for the
parity test. The current that couples to the Z ′ in Eq. (20)
can be approximately written as
gZ′J
µ
Z′ ≈ gZAZ′
∑
f
v′f f¯γ
µf + af f¯γ
µγ5f
 , (31)
where v′f ≡ T3f/2− (1 + α′f )Qfs2W with
α′f ≡ −
cos ξ
AZ′ ηf , (32)
ηf ≡ εx cot θW + gZ
′
gZ
(B − L)f
Qfs2W
. (33)
In this formalism, as is clear from Appendix A, the overall
coupling is normalized by gZ′ → gZAZ′ so that the axial
coupling of the Z ′ is the same as the af of the SM Z boson
because the axial coupling of the Z ′ originated only from
the Zˆ.
Then, the parity violating asymmetry in the mini force
model with the low-momentum transfer (Q2  m2Z) is
given as
AminiLR ≈ ASMLR
(
1 +
m2Z
Q2 +m2Z′
A2Z′
v′f
vf
)
. (34)
This can be obtained from Eq. (30) with a replacement
of
GF → ρGF (35)
sin2 θW → sin2 θeffW = κf sin2 θW , (36)
with
ρ = 1 +
m2Z
Q2 +m2Z′
A2Z′ , (37)
κf = 1 + α
′
f
m2Z
Q2 +m2Z′
A2Z′ ≈ 1− ηf
m2Z
Q2 +m2Z′
AZ′ .(38)
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FIG. 3. The effective change of the Weinberg angle,
∆ sin2 θW ≡ sin2 θeffW − sin2 θW , with the momentum trans-
fer Q or the Z′ mass, for the different choices of the εx and
gZ′ as labeled in the panels (a), (b) and(c). The solid (dotted)
lines correspond to the case of positive (negative) εx.
The sin2 θeffW , which depends on the momentum trans-
fer, can be determined by the measurement of the ALR.
The maximal shift of the sin2 θW , ∆ sin
2 θW ≡ sin2 θeffW −
sin2 θW , occurs when the following two conditions are
met, as one can see from Eq. (38): first, the coupling
of the Z ′, which means gZAZ′ in Eq. (31) needs to be
maximal, and second, the difference of the ratio of the
vector coupling to the axial coupling between the Z ′ and
the SM Z should be maximal. The latter is parametrized
by the α′f .
For the large momentum transfer, the above shifts
are suppressed, and the effective values of the GF and
sin2 θW approach the SM values. It means that the low-
energy experiments are required to see the effect of the
light Z ′ in the parity test.4
Figure 3 shows ∆ sin2 θW for the ee scattering, with
Q or mZ′ for the given values of εx and gZ′ . These re-
sults were obtained using the exact relation [the right-
hand side of Eq. (29)], not the approximation given in
Eq. (34). For an illustrative purpose, we use |εx| = 10−3
and gZ′ = 10
−4, which are representative values of the
current bounds for 10 MeV ∼< mZ′ ∼< 10 GeV. (See
Refs. [33, 40] for the precise constraints on the relevant
couplings with mZ′ in various contexts.) As we can see,
the ∆ sin2 θW turns out to be at the O(10−7) level, which
is too small to be disclosed with the currently proposed
parity violation experiments [52].
For the Z ′ with an intermediate mass scale [mZ′ ≈
O(10 GeV)], however, the experimental bounds on the
two parameters (εx and gZ′) become much less strin-
gent because the BABAR bounds [31] do not apply for
mZ′ > 10 GeV. For the intermediate mass scale (say,
10 GeV ∼< mZ′ ∼< mZ), the most severe constraint on the
kinetic mixing comes from the electroweak precision test,
especially the mass shift of the SM Z boson [54]. Since
the Zˆ-Zˆ ′ mixing in the mini force model comes only from
the effective kinetic mixing εx [Eq. (17)], the same elec-
troweak precision constraint applies (|εx| ∼< 0.03). The
experimental bound on the gZ′ of the pure B − L for
mZ′ > 10 GeV comes from the neutrino-quark scattering
[12, 64], which gives gZ′ ∼< 0.02 [40]. The allowed value of
the gZ′ in the mini force model should be smaller because
of the contribution on the coupling from the effective ki-
netic mixing εx.
Figure 4 shows ∆ sin2 θW for the ee scattering with an
intermediate scale Z ′ for the given values of εx = 0.03
and gZ′ = 5× 10−3 or 0 at the momentum transfer Q =
75 MeV of the JLAB Moller experiment [65]. Using the
maximum value of εx, we can see that the deviation is
comparable to the anticipated sensitivity of the JLAB
Moller (2.8 × 10−4) and increases with the mZ′ . (The
Mainz P2, which is an ep scattering experiment, also has
a similar sensitivity of about 3 × 10−4 and the average
Q = 67 MeV [66].) With the B − L gauge contribution
(gZ′ 6= 0), the deviation in the sin2 θW is either larger or
smaller than the dark photon limit (gZ′ = 0), depending
on the relative sign of the two terms in Eq. (33).
While we would need a much higher precision exper-
iment to see the parity violation effect in the polar-
4 Equations (37) and (38) are consistent with the results of the
dark Z model [37, 44, 51] with ηf = ε cot θW and a suitable ξ
leading to AZ′ ≈ εZ , where εZ is the total Z′ shift of the Z with
an extra contribution from an additional Higgs doublet.
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FIG. 4. The predicted shift in the sin2 θW for an intermediate
scale Z′ of O(10 GeV) at the JLAB Moller experiment (Q =
75 MeV). εx = 0.03 and gZ′ = 5 × 10−3 or 0 (dark photon
limit) were chosen for the illustration. The dashed line is the
expected sensitivity of the JLAB Moller [65].
ized electron scatterings for a very light Z ′ (say, mZ′ ∼<
10 GeV), the effect due to an intermediate scale Z ′ can be
large enough to be observed in near future experiments
such as the JLAB Moller or Mainz P2.
Here are some features of the mini force model regard-
ing the parity violation tests. (i) There is a particle de-
pendence of the ηf due to the B−L and electromagnetic
charges. (ii) ∆ sin2 θW is proportional to AZ′ . Since
AZ′ ∝ m2Z′ in the m2Z′  m2Z limit [Eq. (15)], we have
∆ sin2 θW ' −0.13 ηfεx m
2
Z′
Q2 +m2Z′
. (39)
As is clear from this relation, the |∆ sin2 θW | signifies
for Q2 ∼< m2Z′ [see Fig. 3(a)] and shows the increas-
ing tendency with mZ′ [see Fig. 3(b)]. (iii) The sign of
the ∆ sin2 θW flips with the εx sign flip when |eεxQf | >
|gZ′(B−L)f |, i.e., when the electromagnetic coupling by
the effective kinetic mixing is greater than the B − L
coupling [see Fig. 3(c)].
VII. DISCUSSIONS AND SUMMARY
An axial coupling of a gauge boson is of great impor-
tance. Looking back in history, it was the 1978 SLAC
E122 polarized eD scattering experiment [67], which
measured the parity violation asymmetry via the Z bo-
son, that established SU(2)L×U(1)Y as the electroweak
interaction. It occurred earlier than the direct discov-
ery of the W and Z resonances at the 1983 CERN SPS
experiments [68–71]. (See Ref. [52] for more details.)
A similar path might lie ahead of us in the discovery of
a light gauge boson, if it exists, which has been a topic of
great interest recently. There are at least two important
aspects to think that the axial couplings are more impor-
tant in searching for a light gauge boson compared to the
traditional heavy or TeV-scale gauge boson searches [72].
First, when the gauge boson is light, it is easily boosted
from the decay of a heavy particle (such as mesons or
the Higgs boson), and this interaction is governed by the
Goldstone boson equivalence theorem controlled by an
axial coupling. Second, there are ongoing and proposed
parity tests at the low-momentum transfer [52], which
may be particularly sensitive for a light gauge boson. In
fact, the light gauge boson contribution in the Weinberg
angle shift is sensitive only at the low-momentum trans-
fer [37].
In this paper, we studied the interaction mediated by
a light gauge boson of the U(1)B−L+xY symmetry in ad-
dition to the kinetic mixing with the SM hypercharge,
which we call mini force. This minimal gauge extension
of the SM added by only three right-handed neutrinos is
a very plausible scenario, and it has an explicit charge
assignment, which contains the axial coupling.
However, as discussed in detail in Sec. IV, a hyper-
charge shift and a gauge kinetic mixing have an indistin-
guishable consequence in the mixing of the Z ′ and the
SM hypercharge gauge boson. In other words, the mini
force model can be considered as the pure B − L model
with an altered kinetic mixing.
There is some cancellation in the physical eigenstate
and as a result the axial coupling of the light gauge boson
of the mini force model is highly suppressed. We investi-
gated this phenomenon and also studied the implications
of the suppressed axial coupling. There are some aspects
in its implications that produce the same results as the
dark photon model (e.g. rare Higgs decay) and there are
other aspects that produce different results (e.g. parity
test). With the various constraints, these effects are too
small to be observed in the near future for a very light
gauge boson (say, mZ′ ∼< 10 GeV), but the effects for an
intermediate-scale gauge boson [mZ′ ∼ O(10 GeV)] can
be large enough to be observed in the planned experi-
ments such as the LHC Run2 experiments and the JLAB
Moller experiments.
The suppression of the axial coupling for a light gauge
boson is somewhat expected from the fact that a mass-
less gauge boson cannot have an axial coupling. As a
straightforward symmetry argument, it is obvious that
the axial current of a massless gauge boson vanishes when
a chiral fermion is massive. A massless gauge boson im-
plies that the vacuum does not break spontaneously the
corresponding gauge symmetry. Since helicities (left and
right) of a fermion are flipped at a mass term, there is
a contradiction that a chiral fermion is massive when a
gauge boson is massless. Consequently, a massless gauge
boson possesses no axial current for a massive fermion.
It is still imperative to acknowledge that a sizable axial
coupling for a very light, but not massless, gauge boson
may exist depending on the details of the model includ-
ing the scalar sector [37]. We discussed the general con-
ditions that a new gauge interaction should possess for
the maximal effect in parity violation tests. For an ex-
ample, the effects can be sizable enough to be observed
8for the intermediate-scale mass as we illustrated. More
cases will be discussed in subsequent studies [73].
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Appendix A: Fermion Couplings
The SM fermion currents coupling to the vector bosons
Bˆ, Yˆ3, and Zˆ
′ are given by
− Lint = g′BˆµJµY + gWˆ3µJµW3 + gZ′Zˆ ′µJ
µ
Zˆ′
(A1)
where
JµY =
∑
f
f¯γµ
(
YfL
1− γ5
2
+Qf
1 + γ5
2
)
f , (A2)
JµW3 =
∑
f
T3f f¯γ
µ
(
1− γ5
2
)
f , (A3)
Jµ
Zˆ′
=
∑
f
(B − L+ xY )f f¯γµf , (A4)
and Qf = T3f + Yf . After the electroweak mixing by
the Weinberg angle θW and diagonalizing gauge kinetic
terms,
− Lint = eAµJµEM + εeZˆ ′µJµEM + gZ′Zˆ ′µJµZˆ′
+gZZˆµJ
µ
NC − εtW gZZˆ ′µJµNC , (A5)
where
JµEM =
∑
f
Qf f¯γ
µf , (A6)
JµNC =
∑
f
(
T3f
2
−Qfs2W
)
f¯γµf − T3f
2
f¯γµγ5f . (A7)
Considering mass mixing between Zˆ and Zˆ ′, we get
− Lint = eAµJµEM + gZZµJµZ + gZ′Z ′µJµZ′ , (A8)
where
JµZ =
∑
f
{[
cos ξ
(
T3f
2
−Qfs2W
)
− sin ξ
(
gZ′
gZ
(B − L)f + εxtW
(
Qf − T3f
2
))]
f¯γµf
+ [− cos ξ − εxtW sin ξ] T3f
2
f¯γµγ5f
}
, (A9)
JµZ′ =
∑
f
{[
sin ξ
gZ
gZ′
(
T3f
2
−Qfs2W
)
+ cos ξ
(
(B − L)f +
gZ
gZ′
εxtW
(
Qf − T3f
2
))]
f¯γµf
+ [− sin ξ + εxtW cos ξ] gZ
gZ′
T3f
2
f¯γµγ5f
}
. (A10)
The mass mixing angle ξ is given as
cos ξ =
√
1 + 2εtW
m2
Zˆ
δm2
2
+
√
1− 2εtW m
2
Zˆ
δm2
2
, (A11)
sin ξ =
√
1 + 2εtW
m2
Zˆ
δm2
2
−
√
1− 2εtW m
2
Zˆ
δm2
2
, (A12)
with
δm2 ≡ m2Z −m2Z′ , (A13)
which is the mass-squared difference between two physi-
cal eigenstates, Z and Z ′, given as
m2Z = m
2
Zˆ
(1 + εtW tan ξ) , (A14)
m2Z′ = m
2
Zˆ
(
1− εtW tan−1 ξ
)
. (A15)
Appendix B: Higgs Couplings
The scalar kinetic terms with an extra singlet scalar S,
charged only under the extra U(1), are given by
Lscalar = |DµΦH |2 + |DµΦS |2 , (B1)
where
DµΦH =
(
∂µ + i
g′
2
Bˆµ + igT3Wˆ3µ + ix
gZ′
2
Zˆ ′µ
)
ΦH (B2)
DµΦS =
(
∂µ + igZ′Q
′
SZˆ
′
µ
)
ΦS (B3)
with the doublet ΦH =
(
φ+
(v +H + iφ3)/
√
2
)
and the
singlet ΦS = (vS + S + iφS)/
√
2.
For simplicity, we do not consider the Higgs portal
term κ|ΦH |2|ΦS |2. The relevant couplings of the SM-like
Higgs H are given by
CHZZ
2
HZµZ
µ + CHZZ′HZµZ
′µ +
CHZ′Z′
2
HZ ′µZ
′µ , (B4)
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CHZZ =
g2Zv
4
A2Z (B5)
CHZZ′ =
g2Zv
4
AZAZ′ (B6)
CHZ′Z′ =
g2Zv
4
A2Z′ , (B7)
with AZ = cos ξ + εx sin ξ.
Using the above results, the on-shell decay rate in each
channel is given by
ΓH→ZZ′ =
C2HZZ′
8pi
|−→p |
m2H
(
2 +
(
m2H −m2Z −m2Z′
)2
4m2Zm
2
Z′
)
≈ 1
64pi
C2HZZ′m
3
H
m2Zm
2
Z′
(
1− m
2
Z +m
2
Z′
m2H
)3
, (B8)
with |−→p |2 = (m4H + m4Z + m4Z′ − 2m2Hm2Z − 2m2Hm2Z′ −
2m2Zm
2
Z′)/4m
2
H ,
ΓH→Z′Z′ =
1
32pi
C2HZ′Z′
mH
√
1− 4m
2
Z′
m2H
(
3 +
1
4
m4H
m4Z′
− m
2
H
m2Z′
)
≈ 1
128pi
C2HZ′Z′
m3H
m4Z′
. (B9)
The decay rates for the light Z ′, when it is boosted, can
be understood by the Goldstone boson equivalence theo-
rem. Assuming no Higgs portal term, the pseudoscalars
coupling to the SM-like Higgs only come from the dou-
blet. Thus, we have to find a fraction of the φ3 of the
longitudinal mode of the Z ′.
The relevant Lagrangian for the vector boson con-
nected to the Goldstone boson in the mini force model
with the effective kinetic mixing εx is given by
− LV-G = mZˆZˆµ∂µφ3 +mZˆ′Zˆ ′µ∂µφS (B10)
where φS is the Goldstone boson of the ΦS absorbed by
Zˆ ′. In the physical eigenstate after the diagonalizations,
the Z ′ part is given as(
mZˆAZ′∂µφ3 +mZˆ′ cos ξ∂µφS
)
Z ′µ
= mZ′
(
mZˆ
mZ′
AZ′∂µφ3 + mZˆ′
mZ′
cos ξ∂µφS
)
Z ′µ . (B11)
Therefore, the decay rate of the H → ZZ ′ with Z and Z ′
replaced by the relevant Goldstone bosons is proportional
to
(λv)
2
(
mZ
mZ′
AZ′
)2
≈ C2HZZ
m4H
m2Zm
2
Z′
A2Z′ (B12)
where λ is the quartic coupling constant of the Higgs dou-
blet. This gives essentially the same result as Eq. (B8).
[1] S. N. Gninenko and N. V. Krasnikov, Phys. Lett.
B 513, 119 (2001) doi:10.1016/S0370-2693(01)00693-1
[hep-ph/0102222].
[2] P. Fayet, Phys. Rev. D 75, 115017 (2007)
doi:10.1103/PhysRevD.75.115017 [hep-ph/0702176
[HEP-PH]].
[3] M. Pospelov, Phys. Rev. D 80, 095002 (2009)
doi:10.1103/PhysRevD.80.095002 [arXiv:0811.1030 [hep-
ph]].
[4] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer
and N. Weiner, Phys. Rev. D 79, 015014 (2009)
doi:10.1103/PhysRevD.79.015014 [arXiv:0810.0713 [hep-
ph]].
[5] O. Adriani et al. [PAMELA Collaboration], Nature 458,
607 (2009) doi:10.1038/nature07942 [arXiv:0810.4995
[astro-ph]].
[6] M. Aguilar et al. [AMS Collaboration],
Phys. Rev. Lett. 110, 141102 (2013).
doi:10.1103/PhysRevLett.110.141102
[7] K. A. Olive et al. [Particle Data Group Collaboration],
Chin. Phys. C 38, 090001 (2014). doi:10.1088/1674-
1137/38/9/090001
[8] R. Essig et al., arXiv:1311.0029 [hep-ph].
[9] S. L. Gilbert, M. C. Noecker, R. N. Watts and
C. E. Wieman, Phys. Rev. Lett. 55, 2680 (1985).
doi:10.1103/PhysRevLett.55.2680
[10] C. S. Wood, S. C. Bennett, D. Cho, B. P. Masterson,
J. L. Roberts, C. E. Tanner and C. E. Wieman, Science
275, 1759 (1997). doi:10.1126/science.275.5307.1759
[11] S. C. Bennett and C. E. Wieman, Phys. Rev. Lett. 82,
2484 (1999) Erratum: [Phys. Rev. Lett. 83, 889 (1999)]
doi:10.1103/PhysRevLett.82.2484 [hep-ex/9903022].
[12] G. P. Zeller et al. [NuTeV Collaboration], Phys. Rev.
Lett. 88, 091802 (2002) [Phys. Rev. Lett. 90, 239902
(2003)] [hep-ex/0110059].
[13] P. L. Anthony et al. [SLAC E158 Collaboration], Phys.
Rev. Lett. 95, 081601 (2005) [hep-ex/0504049].
[14] J. D. Bjorken, R. Essig, P. Schuster and
N. Toro, Phys. Rev. D 80, 075018 (2009)
doi:10.1103/PhysRevD.80.075018 [arXiv:0906.0580
[hep-ph]].
[15] S. Abrahamyan et al. [APEX Collabora-
tion], Phys. Rev. Lett. 107, 191804 (2011)
doi:10.1103/PhysRevLett.107.191804 [arXiv:1108.2750
[hep-ex]].
[16] K. Aulenbacher, Hyperfine Interact. 200, 3 (2011).
[17] J. Mammei [MOLLER Collaboration], Nuovo Cim. C
035N04, 203 (2012) [arXiv:1208.1260 [hep-ex]].
[18] P. E. Reimer [JLab SoLID and JLab 6 GeV PVDIS Col-
laborations], Nuovo Cim. C 035N04, 209 (2012).
[19] S. Andreas, C. Niebuhr and A. Ringwald, Phys. Rev.
D 86, 095019 (2012) doi:10.1103/PhysRevD.86.095019
[arXiv:1209.6083 [hep-ph]].
[20] D. Babusci et al. [KLOE-2 Collaboration], Phys. Lett.
B 720, 111 (2013) doi:10.1016/j.physletb.2013.01.067
[arXiv:1210.3927 [hep-ex]].
10
[21] D. Androic et al. [Qweak Collaboration], Phys. Rev. Lett.
111, no. 14, 141803 (2013) [arXiv:1307.5275 [nucl-ex]].
[22] G. Agakishiev et al. [HADES Collaboration], Phys. Lett.
B 731, 265 (2014) doi:10.1016/j.physletb.2014.02.035
[arXiv:1311.0216 [hep-ex]].
[23] S. Andreas et al., arXiv:1312.3309 [hep-ex].
[24] M. Nunez Portela, E. A. Dijck, A. Mohanty, H. Bekker,
J. E. Berg, G. S. Giri, S. Hoekstra, C. J. G. Onderwater,
S. Schlesser, R. G. E. Timmermans, O. O. Versolato,
L. Willmann, H. W. Wilschut, K. Jungmann, Applied
Physics B 114, 173 (2014).
[25] K. P. Jungmann, Hyperfine Interact. 227, 5 (2014).
[26] D. Wang et al. [PVDIS Collaboration], Nature 506, no.
7486, 67 (2014).
[27] H. Merkel et al., Phys. Rev. Lett. 112, no.
22, 221802 (2014) doi:10.1103/PhysRevLett.112.221802
[arXiv:1404.5502 [hep-ex]].
[28] D. Babusci et al. [KLOE-2 Collaboration], Phys. Lett.
B 736, 459 (2014) doi:10.1016/j.physletb.2014.08.005
[arXiv:1404.7772 [hep-ex]].
[29] M. Battaglieri et al. [BDX Collaboration],
arXiv:1406.3028 [physics.ins-det].
[30] B. Batell, R. Essig and Z. Surujon, Phys.
Rev. Lett. 113, no. 17, 171802 (2014)
doi:10.1103/PhysRevLett.113.171802 [arXiv:1406.2698
[hep-ph]].
[31] J. P. Lees et al. [BaBar Collaboration],
Phys. Rev. Lett. 113, no. 20, 201801 (2014)
doi:10.1103/PhysRevLett.113.201801 [arXiv:1406.2980
[hep-ex]].
[32] A. Adare et al. [PHENIX Collaboration],
Phys. Rev. C 91, no. 3, 031901 (2015)
doi:10.1103/PhysRevC.91.031901 [arXiv:1409.0851
[nucl-ex]].
[33] J. R. Batley et al. [NA48/2 Collaboration], Phys. Lett.
B 746, 178 (2015) doi:10.1016/j.physletb.2015.04.068
[arXiv:1504.00607 [hep-ex]].
[34] S. Alekhin et al., arXiv:1504.04855 [hep-ph].
[35] G. Aad et al. [ATLAS Collaboration], Phys. Rev. D 92,
no. 9, 092001 (2015) doi:10.1103/PhysRevD.92.092001
[arXiv:1505.07645 [hep-ex]].
[36] P. Ilten, J. Thaler, M. Williams and W. Xue,
Phys. Rev. D 92, no. 11, 115017 (2015)
doi:10.1103/PhysRevD.92.115017 [arXiv:1509.06765
[hep-ph]].
[37] H. Davoudiasl, H. S. Lee and W. J. Marciano, Phys. Rev.
D 85, 115019 (2012) doi:10.1103/PhysRevD.85.115019
[arXiv:1203.2947 [hep-ph]].
[38] B. Batell, P. deNiverville, D. McKeen, M. Pospelov
and A. Ritz, Phys. Rev. D 90, no. 11, 115014 (2014)
doi:10.1103/PhysRevD.90.115014 [arXiv:1405.7049 [hep-
ph]].
[39] W. Altmannshofer, S. Gori, M. Pospelov and
I. Yavin, Phys. Rev. Lett. 113, 091801 (2014)
doi:10.1103/PhysRevLett.113.091801 [arXiv:1406.2332
[hep-ph]].
[40] J. Heeck, Phys. Lett. B 739, 256 (2014)
doi:10.1016/j.physletb.2014.10.067 [arXiv:1408.6845
[hep-ph]].
[41] Y. S. Jeong, C. S. Kim and H. S. Lee, arXiv:1512.03179
[hep-ph].
[42] B. Holdom, Phys. Lett. B 166, 196 (1986).
doi:10.1016/0370-2693(86)91377-8
[43] For a convenient reference, see S. Weinberg, The quantum
theory of fields. Vol. 2: Modern applications, (Cambridge
University Press, 2005).
[44] H. Davoudiasl, H. S. Lee and W. J. Mar-
ciano, Phys. Rev. Lett. 109, 031802 (2012)
doi:10.1103/PhysRevLett.109.031802 [arXiv:1205.2709
[hep-ph]].
[45] H. Davoudiasl, H. S. Lee, I. Lewis and W. J. Mar-
ciano, Phys. Rev. D 88, no. 1, 015022 (2013)
doi:10.1103/PhysRevD.88.015022 [arXiv:1304.4935 [hep-
ph]].
[46] H. S. Lee and M. Sher, Phys. Rev. D 87, no.
11, 115009 (2013) doi:10.1103/PhysRevD.87.115009
[arXiv:1303.6653 [hep-ph]].
[47] K. Kong, H. S. Lee and M. Park, Phys. Rev. D 89,
no. 7, 074007 (2014) doi:10.1103/PhysRevD.89.074007
[arXiv:1401.5020 [hep-ph]].
[48] H. Davoudiasl, W. J. Marciano, R. Ramos and
M. Sher, Phys. Rev. D 89, no. 11, 115008 (2014)
doi:10.1103/PhysRevD.89.115008 [arXiv:1401.2164 [hep-
ph]].
[49] H. Davoudiasl, H. S. Lee and W. J. Mar-
ciano, Phys. Rev. D 89, no. 9, 095006 (2014)
doi:10.1103/PhysRevD.89.095006 [arXiv:1402.3620
[hep-ph]].
[50] D. Kim, H. S. Lee and M. Park, JHEP 1503, 134
(2015) doi:10.1007/JHEP03(2015)134 [arXiv:1411.0668
[hep-ph]].
[51] H. Davoudiasl, H. S. Lee and W. J. Mar-
ciano, Phys. Rev. D 92, no. 5, 055005 (2015)
doi:10.1103/PhysRevD.92.055005 [arXiv:1507.00352
[hep-ph]].
[52] K. S. Kumar, S. Mantry, W. J. Marciano and
P. A. Souder, Ann. Rev. Nucl. Part. Sci. 63,
237 (2013) doi:10.1146/annurev-nucl-102212-170556
[arXiv:1302.6263 [hep-ex]].
[53] K. S. Babu, C. F. Kolda and J. March-Russell, Phys.
Rev. D 57, 6788 (1998) doi:10.1103/PhysRevD.57.6788
[hep-ph/9710441].
[54] A. Hook, E. Izaguirre and J. G. Wacker,
Adv. High Energy Phys. 2011, 859762 (2011)
doi:10.1155/2011/859762 [arXiv:1006.0973 [hep-ph]].
[55] E. C. G. Stueckelberg, Helv. Phys. Acta 11, 225 (1938).
doi:10.5169/seals-110852
[56] B. Kors and P. Nath, Phys. Lett. B 586, 366 (2004)
doi:10.1016/j.physletb.2004.02.051 [hep-ph/0402047].
[57] D. Feldman, Z. Liu and P. Nath, Phys. Rev. D 75,
115001 (2007) doi:10.1103/PhysRevD.75.115001 [hep-
ph/0702123 [HEP-PH]].
[58] D. Curtin, R. Essig, S. Gori and J. Shelton,
JHEP 1502, 157 (2015) doi:10.1007/JHEP02(2015)157
[arXiv:1412.0018 [hep-ph]].
[59] S. Dittmaier et al., doi:10.5170/CERN-2012-002
arXiv:1201.3084 [hep-ph].
[60] B. Batell, M. Pospelov and A. Ritz, Phys. Rev.
D 79, 115008 (2009) doi:10.1103/PhysRevD.79.115008
[arXiv:0903.0363 [hep-ph]].
[61] S. Heinemeyer et al. [LHC Higgs Cross Section Work-
ing Group Collaboration], doi:10.5170/CERN-2013-004
arXiv:1307.1347 [hep-ph].
[62] G. Apollinari, I. Bjar Alonso, O. Brning, M. Lamont and
L. Rossi, doi:10.5170/CERN-2015-005
[63] E. Derman and W. J. Marciano, Annals Phys. 121, 147
(1979). doi:10.1016/0003-4916(79)90095-2
[64] F. J. Escrihuela, M. Tortola, J. W. F. Valle and
11
O. G. Miranda, Phys. Rev. D 83, 093002 (2011)
doi:10.1103/PhysRevD.83.093002 [arXiv:1103.1366 [hep-
ph]].
[65] J. Benesch et al. [MOLLER Collaboration],
arXiv:1411.4088 [nucl-ex].
[66] N. Berger et al., arXiv:1511.03934 [physics.ins-det].
[67] P. S. Cooper et al., Phys. Rev. Lett. 34, 1589 (1975).
doi:10.1103/PhysRevLett.34.1589
[68] G. Arnison et al. [UA1 Collaboration], Phys. Lett. B 122,
103 (1983). doi:10.1016/0370-2693(83)91177-2
[69] M. Banner et al. [UA2 Collaboration], Phys. Lett. B 122,
476 (1983). doi:10.1016/0370-2693(83)91605-2
[70] G. Arnison et al. [UA1 Collaboration], Phys. Lett. B 126,
398 (1983). doi:10.1016/0370-2693(83)90188-0
[71] P. Bagnaia et al. [UA2 Collaboration], Phys. Lett. B 129,
130 (1983). doi:10.1016/0370-2693(83)90744-X
[72] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009)
doi:10.1103/RevModPhys.81.1199 [arXiv:0801.1345
[hep-ph]].
[73] H. S. Lee and S. Yun (to be published).
